Low content (0.13.4 wt %) Ag added ZrO 2 catalysts were synthesized by a hydrothermal method for soot combustion catalysis. The thermal stability and microstructure were characterized by X-ray diffractogram, field emission scanning microscopy, surface area and X-ray Absorption Fine Structure (XAFS) measurement. Soot oxidation temperature of Ag/ZrO 2 catalysts was able to be controlled by changing heat-treatment temperature for starting powders. The mixture of metallic Ag and ionic Ag 2 O was observed by the XAFS spectra, and catalysts maintaining thermal stability were modified by active Ag/Ag 2 O mixed state on ZrO 2 . The catalysts with only 0.9 and 3.4 wt % doping of Ag in ZrO 2 were effective and a better candidate for diesel soot oxidation catalysis.
Introduction
Soot emitted from diesel engines leads to air pollution and has a detrimental effect on human health and surroundings. Then strict vehicle emission standards have been taken to control the diesel soot emissions. 1) Currently in diesel-based engines the diesel particulate filter (DPF) is used for trapping of soot. 2) , 3) Catalyst is highly essential for effluent control in post-combustion of trapped soot by increasing exhaust temperature, which obstructs regeneration of DPF. 4), 5) To decrease the soot combustion temperature in regeneration of DPF, many kinds of catalysts have been examined. For examples, alkaline metal/alkalineearth metal oxides, 6) transition metal oxides 7) such as ZrO 2 , perovskite-type oxides, 8) spinel mixed oxides, 9) ceria-based oxides, 10)15) and noble metals 16)18) are examined as their candidates. Especially, CeO 2 and ZrO 2 have been widely used as catalyst soot oxidation. In addition, there was a remarkable decrease of oxidation temperature with increasing in Ag loading amounts. 19 )23) Aneggi et al. 20) showed that metallic Ag nanoparticles on CeO 2 , ZrO 2 , and Al 2 O 3 were active sites and Ag loading of over 5 wt % on ZrO 2 showed excellent catalysis for soot oxidation. Nanba et al. 21) , 22) found the importance of active oxygen species for soot oxidation over Ag/ZrO 2 catalysts and indicated that 5 wt % Ag was required in Ag/ZrO 2 with large crystalline Ag particles for leading to the best performance.
In this study, low-content Ag-added ZrO 2 is synthesized by a modified hydrothermal method. To prepare ZrO 2 supports, we applied several method such as usual precipitation method, 23) hydrolysis method, 24) template method, 25) and hydrothermal method. 26) Among them, hydrothermal method could more successfully control to obtain the dispersed ZrO 2 nanoparticles. Among papers using commercial ZrO 2 powders, Nossova et al. 27) prepared Ag/ZrO 2 catalyst for soot oxidation by comparing the impregnation method and the sol gel method and showed that the latter resulted in better properties. Thus, the preparation technique is one of the most important subjects in soot-combustion catalyst research. Since the preparation method of Ag/ZrO 2 catalyst has given great influence on its catalytic properties, the examination of hydrothermal method has some advantages for controlling microstructure and catalytic properties of Ag/ZrO 2 catalyst.
The final goal that we will focus on is possible reduction of Ag amount in ZrO 2 for soot oxidation catalysis. It was reported that 5 wt % Ag was proper in Ag/ZrO 2 for good performance. 21),22) Recently, Servea et al. have reported catalysts with small amount of Ag (0.17.5 wt %) using commercial yttria-stabilized zirconia support. 28) Our previous work was also oriented to the best reducing amount of Ag on ZrO 2 . 29) The use of lager content Ag brings active species as statistically better state, so that the total performance will be generally improved. However, if the lower concentration of active metal is applied, more controlled structure and/or state will be required to satisfy catalytic activity. In this work, we show that the synthesized low-content Ag/ZrO 2 with 0.13.4 wt % Ag and 2. Experimental
Preparation
Ag-added ZrO 2 (Ag/ZrO 2 ) was prepared hydrothermally by using ZrO(NO 3 ) 2 ·2H 2 O (Wako chemicals) and AgNO 3 (Wako chemicals) in the presence of polyvinyl pyrrolidone (PVP; Tokyo Chemical Industry). An aqueous solution of 1, 2, 5 and 10 mmol AgNO 3 was mixed individually to aqueous solution of 100 mmol of ZrO(NO 3 ) 2 · 2H 2 O and further mixed by 1% PVP. After the formation of a homogeneous mixture, 10 ml of 25% ammonia solution (Waco Chemicals) was added and the precipitate was vigorously stirred for 0.5 h. The hydrothermal treatment of the precipitate was carried at 200°C for 48 h in a sealed Teflon bottle supported by stainless steel container, and then cooled. The product was subjected to centrifugation and repeated washing with distilled water and dried at 100°C overnight. Then, dried powders were heated at 400, 600 and 800°C for 2 h in air.
Characterization
The powder X-ray diffractogram (XRD) was measured by Rigaku Miniflex II with a scan range of 2ª = 2080°a nd Cu K¡ radiation at 40 kV and 20 mA. The average crystallite size was calculated based on the Scherrer equation using the Rigaku PDXL software. The apparatus Tristar II was employed to measure the specific surface areas of samples using BrunaueEmmettTeller (BET) equation. The samples were pretreated at 250°C for 2 h before the measurement. The element analysis and distribution in samples were carried out by a Hitachi Miniscope TM3000 by energy dispersion spectroscopy (EDS). The microstructures of samples were detected by a field emission scanning microscopy (FESEM, JEOL JSM-7000F) at 10 keV. The transmission electron microscopy (TEM) images was observed in JEOL 2010EX at 200 kV. X-ray Absorption Fine Structure (XAFS) measurement was carried out using a BL11 X-ray source at Aichi synchrotron light center.
Catalytic properties
Soot oxidation activity was examined by thermogravimetric and differential thermal analysis measurement using a model Rigaku Thermo plus EVO2 apparatus. The model soot (Printex-U) and Ag/ZrO 2 catalysts of a weight ratio of 1:20 was mixed and ground. The mass loss measurement with the temperature of 15 mg catalyst/soot mixtures was carried out under flowing 5%O 2 /95% Ar gas mixture (50 mL/min) at a heating rate of 10°C/min. The temperature T 50 in this study is the measure as soot oxidation temperature where a half weight of the soot oxidized.
Results and discussion

Microstructure
The amount of Ag in Ag/ZrO 2 catalysts were obtained by quantitative EDS analysis and the weight % of Ag were 0.1, 0.4, 0.9 and 3.4 wt % respectively for samples prepared with 1, 2, 5 and 10 mol % AgNO 3 versus ZrO 2 in each starting solution. Corresponding elemental Ag distribution of Ag-added zirconia powders was homogeneous for all samples in the micrometer scale. Figure 1 represents the XRD pattern of Ag/ZrO 2 with different Ag loading amounts after heat treatment at 400°C. The XRD patterns indicate tetragonal dominant phase of ZrO 2 and the high-intensity diffraction peak at 2ª = 30.2 degree with (101) plane gradually decreased in its intensity. Thus, the tetragonal to monoclinic peak intensity ratio gradually decreased with increase in Ag-adding amount. This suggests the strong interaction between Ag species and ZrO 2 surface. It is proposed that the soot is electrochemically oxidized with ionic oxygen species, which are exchanged by gaseous oxygen, at the soot/catalyst interface. Thus, the ionic conduction of ZrO 2 brings more activated oxidation reaction to soot, and the role of such activation depends on the interaction of Ag and ZrO 2 as discussed later. Whether tetragonal or monoclinic ZrO 2 is better as catalytic support is not confirmed in this work, however, the structural factor such as particle size and atomic roughness of surface in ZrO 2 , where Ag is embedded, should influence on the state of Ag. Also, accelerated phase transition with Ag is an additional proof about existence of strong interaction between Ag and ZrO 2 with coverage of Ag species. Figure 2 shows the FESEM images (a, b, c) belong to 3.4 wt % Ag/ZrO 2 after heat treatment at 400, 600 and 800°C, and (d) corresponding XRD profile. The primary particle size of Ag/ZrO 2 was gradually increased with increasing heat treatment temperature. In XRD profile, the (101) tetragonal peak gradually decreased its intensity depending on temperature and finally disappeared at 800°C and the intensity of monoclinic phase peaks increased. The Ag phase did not clearly be detected by XRD and might be due to smaller than 5 nm in size after heat treatment at 400600°C. The better dispersion state of small amount of Ag species on ZrO 2 can be achieved by hydrothermal Journal of the Ceramic Society of Japan 127 [11] 818-823 2019 process to form Ag/ZrO 2 composite and dispersed Ag species. However, at 800°C, the Ag with intense peak at 2Ɵ = 38.7 degree was found and the particle size of Ag was 24 nm [ Fig. 2(d) ]. Table 1 summarizes crystallite size of ZrO 2 phase (by XRD) and specific surface area in ZrO 2 , 0.9 and 3.4 wt % Ag/ZrO 2 . The specific surface area of 0.9 wt % Ag/ZrO 2 decreased as 100, 36 and 11 m 2 /g with increased temperature of 400, 600 and 800°C, respectively. Also, the specific surface area of 3.4 wt % Ag/ZrO 2 decreased as 117, 29 and 6 m 2 /g with increased temperature of 400, 600 and 800°C, respectively. Since the specific surface area of pure ZrO 2 was 48 m 2 /g at 600°C and 21 m 2 /g at 800°C, respectively, the accelerating effect of Ag addition on sintering was obvious. The calculated particle size of 3.4 wt % Ag/ ZrO 2 was 8, 12 and 24 nm for 400, 600 and 800°C, respectively. Whereas, for pure ZrO 2 and 0.9 wt % Ag/ZrO 2 , it was 7, 1112 and 20 nm in ZrO 2 after heated at 400, 600 and 800°C, respectively. The results suggest that crystal size of ZrO 2 phase was similar in ZrO 2 and Ag/ZrO 2 samples, although the accelerating effect of larger amount Ag on surface-area decrease of Ag/ZrO 2 . The inconsistence between BET surface area and crystallite size is caused by the morphology in initial sintering stage after heat treatment. Also, the degree in inconsistence depended on such morphology of composite particles (aggregate) with and without Ag addition. This means that the added Ag will partially cover on the surface and/or in pore of ZrO 2 support particles. Figure 3 (a) shows the oxidation rate of soot under a flowing 5% O 2 /95% Ar versus temperature in Ag/ZrO 2 prepared at 400°C. The action of catalysts can be characterized by the form of soot combustion trace. Extremely active catalysts show an initial rapid increase in reaction rate and burnout-up phenomenon with a sharp peak as that of 3.4 wt % Ag/ZrO 2 in Fig. 3(a) . In this work, the temperature T 50 , where a half weight of the soot oxidized, was observed as the measure of soot oxidation activity. Figure 3 (b) shows a plot of their corresponding T 50 versus Ag content. The soot oxidation temperature T 50 was 670°C without catalysts and it reduced to 485°C in presence of only zirconia. T 50 reduced to 474, 471, 455, and 416°C by increasing Ag loading amount with 0.1, 0.4, 0.9 and 3.4 wt %, respectively. Figure 4 represents the change in T 50 with respect to the heat treatment temperature of 400, 600, and 800°C on Table 1 summarizes T 50 , crystallite size of ZrO 2 and specific surface area. The change in T 50 was not directly related to crystal size and specific surface area of ZrO 2 . The increase T 50 essentially might be due to the increasing particle size or state of Ag. 20)22) Figure 5 showed the TEM images of 3.4 wt % Ag/ZrO 2 after heat treatment at 400, 600 and 800°C. The size of Ag particles on ZrO 2 in each samples gradually increased from 5 « 3 nm at 400°C, and 7 « 4 nm at 600°C and finally to 20 « 3 nm at 800°C for counting about ten Ag particles. Ag particles were not clearly observed in 0.9 wt % Ag/ZrO 2 , because of low content. Note that 0.9 wt % Ag catalyst shows thermal stability up to 800°C and achieves possible reduction of Ag amount in Ag/ZrO 2 . In addition, a part of the added Ag might partially cover on the surface of ZrO 2 support particles as mentioned above. Therefore, the state of Ag with 0.9 wt % is worth examining more in details. Figure 6 represents the XAFS spectra of 0.9 wt % Ag/ ZrO 2 sample with comparing Ag metal foil and Ag 2 O powder references. The energy edge shape in XANES region in Ag species was documented elsewhere, 30) and similarly here in the figure, the 0.9 wt % Ag/ZrO 2 showed a feature of oxidized state in Ag species as compared to Ag metal foil. This indicated the presence of ionic silver which was mixed with metallic Ag. A higher temperature of 800°C induces that the peak intensity of metallic Ag is slightly more as compared to that heated at 600°C. We can assume that metallic Ag becomes uniformly distributed to grow on surface of the Ag/ZrO 2 which was firstly covered with highly dispersed Ag species. The metastable phase (tetragonal) of ZrO 2 was not stabilized by the presence of larger amount of Ag (Fig. 1) . Thus, Ag species directly affected on surface structure of ZrO 2 by close interaction between Ag species and ZrO 2 by making coherent structure at the interface. The best structure of Ag/Ag 2 O/ZrO 2 Journal of the Ceramic Society of Japan 127 [11] 818-823 2019 will be considered by comparison between samples of 3.4 wt % Ag/ZrO 2 at 600°C and 0.9 wt % Ag/ZrO 2 at 800°C, if the absolute content of Ag is once ignored. Thus, Ag species should essentially form metallic particles with approximately 310 m in diameter but a part of Ag species may be its oxidized state. In this experiment, the precise ratio of Ag/Ag 2 O has not be determined, however, this assumption is important for the increase in active site for oxidation catalysis and to decrease in soot oxidation temperature. Also, the as-prepared structure of Ag-doped ZrO 2 is meaningful to control post-sintering catalyst with proper combination of Ag/Ag 2 O and ZrO 2 .
Soot oxidation activity
State of Ag on ZrO 2
Nanba et al. 21) , 22) developed active Ag/ZrO 2 catalysts showing lower T 50 , via low-temperature processing at 500°C, in which higher O 2 concentration and oxygen species were observed by TPR (temperature programmed reduction). Pure Ag catalyst has shown T 50 at 440°C which is higher than our 0.9 wt % Ag/ZrO 2 catalyst. 21) The formation of Ag from ionic silver on ZrO 2 support by heat treatment will bring active oxygen at the interface of Ag/ Ag 2 O on ZrO 2 . The relatively low T 50 in 0.9 wt % Ag/ ZrO 2 will be caused by such mixed state (active site) in Ag species on ZrO 2 after heat treatment at 800°C. This is different from Namba's samples about Ag/ZrO 2 with metallic Ag nanoparticle. In a present case, high surface area and/or small particle size of ZrO 2 are not an essential factor for activation, but the mixed state of Ag/Ag 2 O is more important. This means that the interaction between ZrO 2 and Ag species in starting materials by hydrothermal process will make the structured Ag/Ag 2 O/ZrO 2 followed by heat treatment, leading an active catalyst for soot oxidation.
The better performance was brought after heat treatment at as high temperature as 800°C. In addition, active materials of low-content Ag/ZrO 2 were provided by hydrothermally driven route of starting Ag/ZrO 2 composite. These results about soot oxidation catalyst in a present study will imply saving success of less-common Ag amount (to 0.9 wt %) when Ag/ZrO 2 catalyst could be applied to soot treatment in the future post-exhaust system.
Conclusion
Low-content Ag-added ZrO 2 was synthesized by a modified hydrothermal method and examined for soot oxidation catalysis. The conclusion is summarized as following, 1. The hydrothermal synthesis was a useful approach for lowering the content of Ag in Ag/ZrO 2 catalyst for soot oxidation. The better state of small amount of Ag species on ZrO 2 was achieved.
2. Soot oxidation temperature of Ag/ZrO 2 was able to be controlled by changing heat treatment temperature, and a catalyst, maintaining thermal stability, was modified by active Ag/Ag 2 O mixture on ZrO 2 . It was concluded that lower 0.9 wt % of Ag was a candidate as activation additive for soot oxidation using ZrO 2 . 
